ABSTRACT Well-resolved infrared observations of nearby galaxies are of fundamental importance to the study of the processes that affect galactic evolution. In this paper we report on the first imaging results from the Spitzer Infrared Nearby Galaxies Survey (SINGS) using observations of the Sb galaxy NGC 7331. We present images of NGC 7331 over a large range of wavelengths that allow us to compare the distributions of gas, stars, and dust in unprecedented detail. As an example of the types of information that the full SINGS will provide, we use three methods to determine that the interstellar medium mass in the ring of NGC 7331 is $5 ; 10 9 M . We also present the first images showing emission from small hot ($1000 K) dust grains, but we show that these dust grains contribute only a small fraction of the integrated 4.5 m emission from NGC 7331.
INTRODUCTION
Galaxy evolution depends significantly on the amount and distribution of gas and dust, the locations and amount of star formation, and how the energy from star formation is reprocessed by the local environment. The mid-to far-infrared regime is ideal for studying these issues, providing access to a large fraction of the bolometric luminosity (Soifer et al. 1987) , as well as tracers of stars, dust, and gas. To conduct a comprehensive study of the local distribution and effects of star formation in nearby galaxies, we have undertaken the Spitzer Infrared Nearby Galaxies Survey (SINGS; Kennicutt et al. 2003) , studying a diverse sample of 75 nearby galaxies with the Spitzer Space Telescope.
The wavelength range of the SINGS images covers the transition from wavelengths where the emission is generated by stellar photospheres to those where dust is the primary source of emission ( Helou et al. 2000) . This transition occurs at the Infrared Array Camera (IRAC; Fazio et al. 2004 ) 5.8 m channel where the emission from polycyclic aromatic hydrocarbons (PAHs) becomes significant. In most luminous galaxies these PAHs dominate the emission in the IRAC 8 m channel. Thermal emission by warm ($100 K) dust heated by young stars dominates the emission in the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004 ) 24 m channel. The MIPS 70 and 160 m channels trace the colder ($20 K) dust in galaxies and allow the total dust mass to be estimated with more fidelity than was possible with the Infrared Astronomical Satellite (IRAS ) because of the longer wavelength coverage.
As part of the validation of the instrumental performance and the SINGS observing strategy, we obtained observations of the spiral galaxy NGC 7331 with Spitzer in 2003 December. NGC 7331 is a relatively highly inclined (i ¼ 77
; GarciaGomez et al. 2002 ) Sb galaxy at a distance of 15.1 Mpc (Hughes et al. 1998) . Although not apparent in optical images of the galaxy, NGC 7331 contains a large-scale ring (r $ 6 kpc) visible in CO (Young & Scoville 1982; von Linden et al. 1996; Tosaki & Shioya 1997; Regan et al. 2001 ), radio continuum (Cowan et al. 1994) , submillimeter (Bianchi et al. 1998) , and mid-infrared images (Smith 1998) .
In this paper we compare observations of NGC 7331 over a large range of wavelengths, to show how such a comparison allows us to refine our assessments of the relationship between gas, dust, and stars in galaxies. In particular, we show what these observations reveal about the distribution and properties of different galaxy components at high resolution.
OBSERVATIONS AND DATA REDUCTION
We observed NGC 7331 with IRAC and MIPS using the standard SINGS observing template ( Kennicutt et al. 2003) . For the IRAC observations we mosaicked a 4 ; 7 grid with 150B6 offsets and 30 s integrations, covering a 12A5 ; 15 0 field. This yields a map with each pixel observed 4 times at all wavelengths in the core of the map and twice at the edge of the map (the outer 2A5). This observing template was repeated to allow for recognition of asteroids in the field of view and to better sample the emission on subpixel scales. The Basic Calibrated Data ( BCD ) images of individual fields were then processed using the standard SINGS IRAC pipeline to create the final mosaics.
The MIPS observations were obtained using the scanmapping mode in two separate visits to the galaxy. As with the IRAC observing strategy, separate visits allow asteroids to be recognized and provide observations at orientations up to a few degrees apart to ease removal of detector artifacts. As a result of redundancy inherent in the scan-mapping mode, each pixel in the core map area was effectively observed 40, 20, and 4 times at 24, 70, and 160 m, respectively, resulting in integration times per pixel of 160, 80, and 16 s. The MIPS data were processed through the MIPS Instrument Team Data Analysis Tool (Gordon et al. 2004) . Note that not all reduction steps have been fully implemented for the 70 and 160 m data. In particular, the electronic and flux nonlinearity corrections are expected to significantly improve the final maps and calibration.
We obtained broadband BVRI and H images of NGC 7331 using the NOAO 2.1 m telescope at Kitt Peak. The data were processed using standard IRAF data reduction procedures. We obtained H i observations with the Very Large Array in the B array that we combined with archival B, C, and D array data. Using natural weighting in the AIPS task IMAGR, the resulting images have a beam of 5B6 ; 6B1. The CO observations were taken from the publicly available Berkeley-IllinoisMaryland Association (BIMA) Survey of Nearby Galaxies (SONG) database (Helfer et al. 2003) . The 450 and 850 m images were made from Submillimeter Common-User Bolometer Array (SCUBA; Holland et al. 1999) archival jiggle map data. The Hubble Space Telescope (HST ) NIC3 data for NGC 7331 were obtained as part of the Supernova/Acceleration Probe (SNAP) program 9360 (PI: R. Kennicutt). Data were obtained in the broadband filter F160W (H ) and in the narrowband filters F187N and F190N (Pa and continuum). The Pa image was subsequently created by subtracting the F190N image from the F187N image after rescaling for the filter bandwidth ratio.
THE CHANGING MORPHOLOGY OF NGC 7331 WITH WAVELENGTH
In Figure 1 (Plate 1) we show a panchromatic view of NGC 7331, which ranges over a factor of $400,000 in wavelength. The close match in the morphologies of the V-band image (Fig. 1a) and the shorter wavelength (3.6 and 4.5 m) IRAC images (Figs. 1b and 1c) clearly shows that these two IRAC channels trace the stellar light in the galaxy. However, there is a dramatic change in the morphology of the two longer wavelength (5.8 and 8 m) IRAC images (Figs. 1d and 1e). The spiral arms in the outer disk of NGC 7331 are much stronger in the 5.8 and 8 m images than in the shorter wavelength images, the foreground stars disappear, and the ring is clearly visible. The 5.8 and 8 m images also reveal PAH emission out to the edge of the optical disk and show spiral structure similar to that of the atomic gas (Fig. 1i ). In fact, the 8 m image has detectable emission above the background at 1.1R 25 (R 25 ¼ 5A2).
The MIPS 24 m (Fig. 1f ) image looks remarkably similar to both the IRAC 8 m image and the outer parts of the H i image. All three images show spiral structure throughout the outer disk. The emission apparent in our data does not extend as far out into the disk at 24 m as at 8 m, and the relative brightness of the various clumps in the spiral arms differs between the two images. The only mid-infrared feature without a counterpart in the H i image is the large-scale ring. This is likely due to a transition to primarily molecular gas at this radius, as supported by the distribution seen in the CO image ( Fig. 2i ; see below).
At the lower resolution of the 70 m image (Fig. 1g ) the ring is marginally resolved, but extended cool dust emission from the outer disk is seen out to the full optical extent of the galaxy. Finally, at the 40 00 resolution of the 160 m image (Fig. 1h) , the minor axis of the ring becomes unresolved. Even so, MIPS is sensitive enough at this wavelength to detect emission to R 25 in the southern half of the galaxy and to about 75% of R 25 in the north.
In Figure 2 (Plate 2) we zoom in to the central 5.2 by 7.9 kpc (2 0 ; 3 0 ) to concentrate on the ring. The ring that is apparent in all of the dust and gas tracers appears only as clumps of excess emission above the smooth background in the 3.6 m image (Fig. 2e ). These clumps in the ring likely arise from young red supergiants.
The IRAC 8 m image (Fig. 2f ) reveals a ring in PAH emission that agrees well with the 24 m and CO images of the galaxy (Figs. 2g and 2i ). Although the overall morphology is similar in these three images, the positions of the brightest peaks around the ring vary with wavelength. Although both the 8 and 24 m emissions arise from similar physical processes (i.e., transient heating of large molecules or tiny grains), the 8 m emission is dominated by PAHs and the 24 m emission is dominated by submicron-sized grains (Li & Draine 2002a ) so we do not expect them to have identical morphologies (Helou et al. 2004 ). The 850 m submillimeter emission (Fig. 2h) is reminiscent of the 24 m image, exhibiting a ring that appears to be limb brightened on the north and south ends.
Both the 8 and 24 m images show emission from the nuclear region. A substantial fraction of the nuclear 8 m emission originates in stellar photospheres, but the nuclear 24 m emission is much greater than expected from stars and must be due primarily to dust. We find that the expected stellar photosphere emission is about 45% of the 8 m nuclear flux and about 5% of the 24 m nuclear flux. The 7.5-15 m spectrum of the nucleus indeed shows PAH emission features at 7.7, 11.3, and 12.7 m (Smith et al. 2004) .
The H emission from the ring (Fig. 2a) is not symmetrical. The far side (east) of the ring shows strong H emission, but the near side (west) shows only a small amount of emission. Meanwhile, the Pa image (Fig. 2d ) appears to show similar levels of emission on both sides of the ring. The true nature of the ring is best seen in the V-band /3.6 m image (Fig. 2c) . In this ratio map the near side of the ring shows much higher extinction while the far side shows very little extinction, presumably because the foreground bulge stars projected on the far side of the ring are unreddened. This implies that the H emission is not symmetrical because the emission from the near side of the ring is obscured by the dust in the ring. On the far side of the ring, where there is less dust extinction along the line of sight, each small star formation knot shown in the Pa image can be traced to an H clump. The near-side clumps in the Pa image are only barely detected in the H image.
In Table 1 we show the total flux in two regions of NGC 7331. For the ring region we summed the flux in the 40 00 ; 105 00 rectangle shown in Figure 1e . For the galaxy as a whole we summed the flux over the optical disk. For the IRAC fluxes we used the point-source calibrations rather than the extended-source calibrations because extended-source calibrationssource calibrations
do not yet exist for the size scales of our measurements.
MASS OF DUST AND GAS IN THE RING
With the wide variety of observations of NGC 7331 available to us, it is possible to derive the mass of dust and gas in the ring using multiple methods and compare the results. In the first method we use a single-temperature fit to the 70, 160, 450, and 850 m data (see Table 1 ) to determine the dust temperature and emissivity coefficient, . Using the method of Hildebrand (1983) and assuming a gas-to-dust mass ratio of 160 (Sodroski et al. 1994) , this temperature and emissivity function can then be used to determine the masses of dust and gas in the ring region. This single-temperature method yields a dust temperature of 24 K, a of 1.7, a dust mass of 2:6 ; 10 7 M , and a total gas mass of 4 ; 10 9 M . Using the same method for the entire galaxy and just the MIPS observations (the submillimeter observations do not cover the entire galaxy), we get a dust temperature of 22 K, a of 2.0, a dust mass of 8 ; 10 7 M , and a total gas mass of 1:3 ; 10 10 M . We can also use the CO and H i fluxes to estimate the gas mass in the ring region. Using a conversion factor between CO integrated intensity and H 2 column density of 2:8 ; 10 20 cm À2 (K km s À1 ) À1 and a factor of 1.36 to account for a contribution from helium, we calculate a total molecular gas mass of 3:4 ; 10 9 M . To this we add the mass of the atomic hydrogen (including the same factor for the helium contribution) from the H i observations, which is 5:6 ; 10 8 M . This gives a total gas mass of 4 ; 10 9 M . Using the same gas-todust mass ratio of 160 produces a dust mass of 2:5 ; 10 7 M . For the galaxy as a whole, assuming that all gas at radii greater than 3A5 is atomic, the CO flux yields a molecular mass of 7 ; 10 9 M and the H i flux yields an atomic mass of 1 ; 10 10 M . This implies a total gas mass of 1:7 ; 10 10 M and a total dust mass of 1:1 ; 10 8 M . Alternatively, we can determine dust masses by fitting the model of Li & Draine (2001 , 2002b to our observed spectral energy distributions (SEDs). In this model a mixture of silicate, graphite, and PAH grains is illuminated by a range of starlight intensities that can be tuned by lower and upper cutoffs in a power-law distribution of intensities. The best fit to the SED, which produces a dust mass of 3:8 ; 10 7 M for the ring, is shown in Figure 3 . Using the same gas-to-dust mass ratio as before, we infer a gas mass of 6:1 ; 10 9 M for the ring. For the galaxy as a whole, the Li & Draine dust model estimates 3 ; 10 8 M of dust, corresponding to a gas mass of $4:8 ; 10 10 M . For the galaxy as a whole we also used the method of Dale & Helou (2002) to determine a dust mass. They treat the far-IR emission in a galaxy as arising from a power-law distribution of starlight heating intensities and show that singletemperature fits underestimate the true dust mass. For the galaxy as a whole, their Figure 6 shows that the dust masses calculated assuming a single-temperature component, as in our first method, should be increased by a factor of 9, yielding a dust mass of 7 ; 10 8 M , corresponding to a gas mass of $1:1 ; 10 11 M . Because the observed fluxes in the ring region were not well fitted by the SED templates used by Dale & Helou (2002) , we did not calculate a mass in the ring region using the Dale & Helou (2002) method.
THE SOURCE OF THE 4.5 m CONTINUUM EMISSION
The similarity between the V-band image of NGC 7331 and our IRAC 4.5 m image implies that if there is any emission from hot small dust grains, it is not a significant contributor to the total emission. Lu et al. (2003) find that there is an excess of 4 m emission above that expected from stellar photospheres in the spectra of their sample galaxies, as a result of very small grains heated by single photons to $1000 K (see also Helou et al. 2000; Hunt et al. 2002) .
Our IRAC images at 3.6 and 4.5 m have slightly different morphologies. This can be seen in the ratio map of 4.5 m/ 3.6 m emission shown in Figure 2b . Here the ratio varies between 0.55 and 0.81. Because the ring shows the same level of flux ratio change on both the near and far side, we can rule out dust extinction as a source of the variation. If that were the case, the near side would show a much stronger effect (like that seen in the V-band /3.6 m image) because the foreground bulge stars will wash out the ratio changes from the far side of the ring. This implies that the flux ratio changes are due to dust emission. Although the values of these ratios could change by as much as 10% as the IRAC flux calibration changes, such calibration changes will not alter the fact that the 4.5 m/3.6 m ratio is spatially variable. To place an upper limit on the amount of flux contributed by the small hot dust grains, we assume that the true flux density ratio of stellar photospheres in the ring region is that of the central bulge region, 0.55. Then we assume that the hot dust has a ratio of 0.865 (based on the spectral index from Helou et al. 2000) . A simple linear combination of the two components suggests that the hot dust contributes $6% of the 4.5 m flux, raising the 4.5 m/3.6 m flux density ratio to the observed average value of 0.57. Note that this $6% contribution of dust to the 4.5 m flux is consistent with the Li & Draine (2001 , 2002b dust model shown in Figure 3 .
Even though the total contribution from the small hot dust grains appears to be small, we do see regions in the ring where the 4.5 m flux is enhanced relative to the stellar photospheric ratio. This implies that these are local regions containing the expected small hot dust grains. Note that the regions with the largest ratio of 4.5 to 3.6 m flux (yellow to red regions in Fig. 2b ) are also bright in the 24 m map. This suggests that these small dust grains are being heated by the same sources as those that heat the dust to temperatures that make them stand out at 24 m. Therefore, although we have clearly shown that there are local regions where the emission from small hot dust Fig. 1e for the aperture. b The uncertainties in the fluxes are almost completely due to systematic calibration uncertainties. For the 70 and 160 m observations we estimate this to be 20%. For the other Spitzer observations we estimate it to be 5%-10%, and for the submillimeter observations we estimate it to be $10%.
c For comparison, the IRAS fluxes are F 12-m ¼ 3:4 Jy, F 25-m ¼ 4:2 Jy, F 60-m ¼ 35 Jy, and F 100-m ¼ 115 Jy (Rice et al. 1988). grains is an important contributor at 4.5 m, these grains do not significantly affect the total flux at 4.5 m, consistent with the findings of Lu et al. (2003) . Given that the star formation in NGC 7331 is relatively quiescent (F 60 m =F 100 m ¼ 0:3 and L IR =L opt ¼ 1:0), Lu et al. (2003) predict that the majority of the flux would come from stellar photospheres rather than from small hot dust grains.
THE DIFFERENT GAS MASSES
Using three different methods, we have derived gas masses for the ring in NGC 7331, which are in good agreement. The gas masses inferred from CO and H i emission, as well as from fitting single-temperature and Li & Draine (2001) models to the SED, are consistent given the uncertainties in the gas-todust ratio and the CO-to-H 2 conversion factor. The comparison of the Li & Draine (2001) gas mass to that implied by the CO flux implies that CO J ¼ 1 0 luminosity per unit H 2 mass in the ring region is similar to that determined for the solar neighborhood. We estimate the gas mass in the ring to be (5 AE 1) ; 10 9 M . For the galaxy as a whole, we find that the CO + H i gas mass is lower than the gas masses derived by SED fitting.
Because fitting a single temperature to an SED generated by dust at a range of temperatures always underestimates the dust mass, the single-temperature method yields a smaller mass than all the other methods (Dale & Helou 2002 ). The lower CO + H i gas mass implies that the average gas-to-dust ratio may be lower in the entire galaxy than it is in the ring region, but there are also uncertainties due to the conversion between CO flux and H 2 mass and the possibility of undetected molecular hydrogen in the outer parts of the optical disk due to the limited field of view of the BIMA SONG observations. Based on the CO + H i mass and the masses inferred from the Li & Draine (2001) and Dale & Helou (2002) models, we estimate the total gas mass to be (6 AE 2) ; 10 10 M .
CONCLUSIONS
Both the IRAC and MIPS instruments on the Spitzer Space Telescope are sensitive enough to detect emission over the entire optical disks of nearby galaxies in relatively short periods of time. In fact, our IRAC 8 m images detect emission that extends beyond the optical disk of NGC 7331.
Although the 4.5 m/3.6 m ratio map clearly shows localized regions with significant contributions from nonstellar emission (small hot dust grains), the 4.5 m emission in NGC 7331 is predominantly due to stellar photospheres. We estimate that 6% of the light at 4.5 m in the ring and interior is contributed by these small hot dust grains. This implies that both the IRAC 3.6 and 4.5 m images are good extinction-free tracers of the stellar light in galaxies with L IR /L opt near 1.0. Future SINGS observations will reveal whether this is true for galaxies with larger values of L IR /L opt .
The masses of the gas in the ring ($5 ; 10 9 M ) calculated from the CO emission and the thermal dust emission are in reasonable agreement, implying that the conversion factor between CO luminosity and hydrogen mass in the ring of NGC 7331 is roughly the local Galactic value. From the Spitzer photometry, we estimate the total dust mass in NGC 7331 to be 4 ; 10 8 M , corresponding to $6 ; 10 10 M of gas.
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